INTRODUCTION
The effect of climate change on glaciers is a major concern since glacier run-off directly affects sea level (Radić and Hock, 2011) and water resources (Huss, 2011) . Climate change also affects the glacier system directly, for example by changing the thermal structure of Arctic and sub-Arctic glaciers (e.g. Rabus and Echelmeyer, 2002; Pettersson and others, 2007) . Very few observations exist of how the thermal regimes of ice masses are responding to climatic warming over the past few decades. Such a response is particularly important for two reasons: (1) temperature changes can be used as an additional proxy for understanding climate change in glaciated areas (Blatter, 1987; Blatter and Kappenberger, 1988; Rabus and Echelmeyer, 2002; Vincent and others, 2007; Barrett and others, 2009; Gilbert and others, 2010) ; and (2) rising englacial temperatures in steep glaciers, currently frozen to the mountains on which they reside, can reduce the friction at their beds, increase ice avalanching and thus constitute an increasing hazard (Le Meur and Vincent, 2006; Huggel, 2009 ).
Here we report measurements of changes in thermal regime collected during the last 20 years on the 3 km 2 Storglaciären, northern Sweden (Fig. 1a) . This valley glacier is well studied, with a very long (post-1946) continuous massbalance series (e.g. Holmlund and others, 2005) as well as a number of detailed studies of glacier hydrology (e.g. Fountain and others, 2005) and glacier dynamics (e.g. Iverson and others, 1995) . At Storglaciären, several studies of englacial temperature combined with ice-penetrating radar measurements have revealed that the glacier is largely temperate apart from a cold, permanently frozen, surface layer overlying the temperate core in the ablation area (Fig. 1b) (Schytt, 1968; Hooke and others, 1983; Holmlund and Eriksson, 1989; others, 2003, 2004; Gusmeroli and others, 2010) . Much of the ice is kept temperate by refreezing of springtime melt as it percolates into firn in the accumulation zone; and this warm ice is then advected downwards and into the ablation zone. At the surface of the ablation zone, however, spring and summer melt run off the glacier quickly, rather than refreezing, and this allows the layer of cold ice to persist (Hooke and others, 1983) . Different thermal structures and their occurrence in various glaciated areas are discussed by Blatter and Hutter (1991) .
The boundary between cold and temperate ice is a prominent englacial transition known as the cold-temperate transition surface (CTS; Fig. 1b ) (Hutter and others, 1988; Blatter and Hutter, 1991; Pettersson and others, 2003) . Other than being a thermal boundary, the CTS also represents a hydraulic boundary for intra-granular water, separating the water-free region from the temperate region which contains small volumetric percentages of water (up to $1%) (Pettersson and others, 2004; Gusmeroli, 2010) . The CTS in glaciers can be mapped using ice-penetrating radar (Holmlund and Eriksson, 1989; Bjö rnsson and others, 1996; Ødegård and others, 1997; Murray and others, 2000; Pettersson and others, 2003; Gusmeroli and others, 2010) . The principle of the technique is that the presence of water bodies in the temperate ice causes energy to be reflected or backscattered. The CTS of Storglaciären was mapped using radar in 1989 (Holmlund and Eriksson, 1989 ) and 2001 (Pettersson and others, 2003 . A comparison between the two surveys revealed a substantial and complex thinning of the cold layer, which lost about 22% of its average thickness in 12 years (Pettersson and others, 2003) . These changes at Storglaciären were quoted in the 2007 Intergovernmental Panel on Climate Change (IPCC) report as evidence of warming in the Arctic (Lemke and others, 2007) . In this paper, we add new observations of the extent of the cold layer of Storglaciären for the year 2009, using new data acquired from ice-penetrating radar and ice-temperature measurements during the spring of that year. Combining our results with those from 1989 (Holmlund and Eriksson, 1989 ) and 2001 (Pettersson and others, 2003 , we present the first time series of changing thermal regime at Storglaciären and interpret the observed changes in the light of contemporary regional climate change and mass-balance measurements.
This study parallels recent similar efforts investigating the link between climate and the thermal regime of Arctic glaciers (e.g. Wohlleben and others, 2009; Rippin and others, 2011) .
2009 RADAR MEASUREMENTS
We acquired two sets of measurements using the same radar system: (1) 60 continuous radar profiles which were interpolated to obtain the 2009 CTS map, and (2) two stop-andgo additional surveys at a location where a thermistor string was present in the ice. The former set of measurements allowed quick mapping of the CTS, whereas the latter was used for a direct, unambiguous comparison between the radar-derived CTS and the thermistor-derived CTS.
Radar acquisition and processing
Ice-penetrating radar data for the 2009 cold-layer map were acquired using a commercially available Malå Geoscience radar system with 100 MHz unshielded antennas. Forty-eight radar profiles were collected by pulling the radar with a snow scooter (Fig. 1c) during April 2009. The data were collected in the spring, in order to avoid unnecessary noise that may occur in the summer when meltwater is present. Coverage was increased in steep and crevassed areas by acquiring 12 additional profiles using the same system manually on skis. Survey position was acquired using a Garmin hand-held GPSMap 60CS coupled to the radar system, storing the position of radar traces every 2 s to $40 radar traces. The spacing between subsequent radar lines was about 30-40 m on average, much denser than any previous survey.
Radar data processing was minimal and consisted of time-zero correction, low-frequency filter (dewow) and time-depth conversion using a constant radar wave speed of 0.168 m ns -1 . This speed is typically applied in radioglaciological studies and is consistent with borehole radar measurements in the ablation area (Gusmeroli and ) and temperature-derived (d3) thermal structure of the glacier. From the thermistor data (d3) the melting isotherm is reached at 21 m. The white star indicates the position of the thermistor string, which is also where the two perpendicular radar profiles intersect. The scatterers in the cold ice observed beneath the stars are not due to temperate ice but are the remains of the drillhole which hosted the thermistor string.
others, 2010). Tests showed that the depth error introduced by any uncertainty in radar wave speed is AE0.3 m when compared to speeds measured with borehole radar in the cold ice of Storglaciären (0.168 AE 0.002 m ns -1 ; Gusmeroli and others, 2010) .
Migration tests were conducted on sample radargrams (Gusmeroli, 2010) . However, the final results presented in this paper were extracted from unmigrated radargrams for two reasons: (1) migration only managed to collapse hyperbolic events and did not change the interpreted CTS depth (Gusmeroli, 2010) , and (2) the previous surveys of the CTS of Storglaciä ren (Holmlund and Eriksson, 1989; Pettersson and others, 2003) obtained their results from unmigrated data.
Radar-temperature-profile comparison
A temperature profile, obtained using a string of thermistors (Gusmeroli and others, 2010) was used to compare the thermistor-derived and radar-derived CTS. The comparison was obtained using the two radar lines shown in Figure 1d . These profiles were acquired in April 2009 at the thermistor location (Fig. 1c) . The two radar lines were perpendicular up and across glacier, with the thermistor string, indicated by an ablation stake supporting the data logger, located at the centre. We used a stop-and-go method and held the radar system motionless at 0.5 m sampling intervals. The length of each profile was 100 m.
Each radargram clearly shows two regions: an upper region which is transparent to the radar energy, and a lower region with a distinctly higher level of backscattered radar energy ( Fig. 1d1 and d2) . The boundary between transparent and scattering-rich ice is interpreted as the CTS. At this location the CTS undulates in the radargrams, but is within the depth range 20 AE 2 m, in good agreement with the melting isotherm detected at 21 m depth by the thermistor string (Fig. 1d3). 
CTS mapping
By tracing the boundary between transparent and scatteringrich ice on all 60 radargrams, we obtained a detailed series of CTS depth profiles (Fig. 2) , which were interpolated as in the previous study (Pettersson and others, 2003) using ordinary kriging (Isaaks and Srivastava, 1989) . Ordinary kriging is a commonly applied technique for interpolating spatially discontinuous datasets. We assessed errors introduced by hand-tracing the CTS for each profile 30 times and we obtained a standard deviation of $0.8 m in mapping the CTS. As in the previous study (Pettersson and others, 2003) , the interpolated map was corrected for the presence of snow using the spring 2009 snow-cover data collected on the glacier by Tarfala Research Station.
Both this study and Pettersson and others (2003) considered that the manual picking of the CTS boundary is limited by the subjectiveness of tracing the boundary. Pettersson and others (2003) assessed the problem by digitizing the CTS a few months apart from randomly selected profiles. The comparison between the different digitizations deviated by AE1.5 ns, which yields AE0.25 m in depth. In the present study, instead, each profile was digitized 30 times and the CTS thickness presented in the map was the average of each 30 digitizations, with average depth uncertainty (estimated with the standard deviation) of AE0.8 m. These uncertainties are minor if compared to the depth at which the melting isotherm corresponds to the picked CTS (AE1 m in Pettersson and others (2003) and AE2 m in this study).
The frequency dependence of the CTS detection is an important issue that deserves further exploration. It is important to observe that the 1989 and the 2001 CTS map were derived at a frequency of 345 MHz whereas the most recent map was obtained at a frequency of 100 MHz. The direct comparison of the performance of the two systems in detecting the melting isotherm (AE1 and AE2 m for Pettersson and others (2003) and this study respectively) does not support the presence of any system-induced misinterpretation: the measured melting point at the thermistor string closely agrees with the radar CTS in both studies. However, we note that it is still unclear how the continuous-wave stepped-frequency (CWSF) ground-penetrating radar (GPR) systems (used in Pettersson and others, 2003) compare to the pulse GPR system used in this study. For example, Pettersson (2005) who compared the CTS depth recorded at different frequencies (145, 345, 800 and 1150 MHz) found that the CTS detected by the CWSF at a frequency of 145 MHz was on average $5 m deeper than the 345 MHz CTS (which in turn was in the AE1 m range from the melting isotherm). Such a discrepancy at lower frequencies is not observed by our 100 MHz pulse system (the radar-derived CTS deviates AE2 m from the melting isotherm). A comparison between a temperature profile and a series of pulse-type and CWSF GPR surveys would allow better understanding of this matter.
The positioning error for the three different surveys was AE21, AE1 and AE10 m for the three epochs. The best survey was obtained in 2001, when the radar system was connected to the differential GPS. However, correlogram analysis of CTS maps shows that the uncertainties in positioning only introduce serious errors in the CTS depth if the slope of the CTS is large (Pettersson and others, 2003) . Typically, CTS depth measurements within the position uncertainty of AE21 m are very similar (Pettersson and others, 2003) . This is because the CTS is a relatively smooth surface (the CTS over 100 m varies only AE2 m which is well within our stated error of AE3 m). Thus, following Pettersson and others (2003) 
THERMAL CHANGES
The cold-layer thicknesses as mapped by Holmlund and Eriksson (1989) , Pettersson and others (2003) and in this study are shown in Figure 3a (Fig. 3) . In detail, the thicker area (A in Fig. 3a) toward the northern side of the glacier, which was $60 m thick in 1989 (Fig. 3a) , lost $50% of its thickness and in 2009 was <35 m thick (Fig. 3c) . Such a high thinning is, however, not observed everywhere in the ablation area. For example, the thin portion in 1989 (B in Fig. 3a ) with values of thinning of $10 m thinned less than elsewhere. Changes in cold-layer thickness for all the epochs are shown in Figure 3d -f.
We estimated the rate of thinning by undertaking a simple volume calculation from the three maps. In Figure 4 we show the first time series of thermal changes at Storglaciären. From this calculation (Fig. 4) (Fig. 4) . These results suggest that the cold surface layer of Storglaciären has lost about one-third of its volume in 20 years (Fig. 4) . The error bars we show in Figure 4 were calculated by assigning at each CTS data point an error of AE3 m. The volume calculation shown in Figure 4 only helps in identifying thermal changes and does not attempt to evaluate the general mass loss from the glacier in the period.
DISCUSSION

Snow cover, ablation and cold-layer thickness
The map of cold-layer thickness presented in this study shows a distinct spatial variability (Fig. 5a) . Such a spatial variability is directly linked to the net mass balance of the glacier others, 2003, 2007) and is a result of a combination of factors: (1) snow accumulation during winter (spatially variable), and (2) summer melting which, at first approximation, varies only with altitude. The general pattern of cold surface layer thickness closely follows the snow thickness pattern which remained, as a first approximation, largely unchanged for the two measurement periods (Fig. 5b1 and b2) . Figure 5c1 shows a schematic cross section through a portion of the ablation area. The presence of a spatially variable snow cover implies that, for the same melting rates, there will be differential removal of glacier ice since a thicker snowpack protects the ice from melting (Fig. 5c2) . The result is that a thicker cold surface layer will persist in an area of thicker snow cover (Fig. 5c3) . A counteracting factor which thickens the cold layer is the downward migration of the CTS (Pettersson and others, 2007) . The presence of a temperature gradient at the CTS results in heat being conducted away from it and the freezing front to migrate downward. This results in a thickening of the cold layer (Fig. 5d2) . The downward migration of the CTS is shown schematically in Figure 5d1 .
The thickest and thinnest parts of the cold layer (x and y respectively in Fig. 5a ) generally correspond to the average snow accumulation pattern over the glacier (Fig. 5b1 for  1989-2001 and Fig. 5b2 for 2001-09) . For a similar melting rate, an area with thicker snow cover will have a thicker cold surface layer because the annual thinning of the layer will only start once the snow cover is completely removed. This is clear by looking at the evolution of the transient snowline over a summer (Fig. 6) . The thinnest layer is found in the first snow-free areas (Fig. 6 ). In these areas the ice surface is directly exposed to ablation earlier in the season, so the ablation-induced annual thinning of the cold surface layer is higher. The thicker layers are found in areas that remain snow-covered for a longer time (Fig. 6) . In this respect a map of the cold layer might reveal and bring additional information on the spatial variability of snow cover over a glacier.
There are, however, many other factors that can be considered as causative processes for the spatial variability of the cold-layer thickness. These include longitudinal advection of ice flow from the two different accumulation basins and the spatial distribution of crevasses (Jarvis and Clarke, 1974) . Since the scope of this paper is to report the continuation of the cold-layer thinning we redirect the reader to Pettersson and others (2007) for a detailed discussion on the dynamics of the CTS in polythermal glaciers.
Thinning of the cold surface layer at Storglaciären 1989-2009
From our analysis we can observe that the cold surface layer of Storglaciä ren has been experiencing a continuous thinning, and volume loss, at a rate that seems largely unchanged since 1989 (Fig. 4) . The overall decrease of 22% of average thickness observed by Pettersson and others (2003) agrees very well with the volume change observed in this study. From the linearity of the loss it can be hypothesized that the cold layer is slowly but consistently thinning at an average rate of 0.80 AE 0.24 m a -1 . The schematic evolution of a cold layer shown in Figure 5 can be summarized in this way: The rate of changes in coldlayer thickness is a balance between loss due to summer ablation (Fig. 5b) and gain due to the downward migration of the CTS (Fig. 5d) . Thinning of the cold layer over time occurs when ablation is higher than downward migration. This statement is supported by direct measurements at Storglaciären since net thinning in the ablation area of $2 m a -1 (Jansson and Petersson, 2007) has only partly been balanced by CTS migration rates of $1 m a -1 (Pettersson and others, 2004; Gusmeroli and others, 2010) . This simple and crude calculation explains most of the 0.80 m a -1 thinning rate measured in Figure 4 .
Ultimately, climate is the dominant control on cold-layer thickness (Pettersson and others, 2007) . The presence of permanently cold ice is itself caused by particularly cold winter temperatures, and the thickness of the cold ice is primarily determined by the temperature gradient throughout the cold layer. The stronger the gradient (e.g. the lower the average winter temperature) the thicker the layer. Climatic changes affecting Storglaciären over our 20 year study period can be inferred from temperature measurements made at nearby Tarfala Research Station (Fig. 7 ). An increase of 18C in winter air temperature since the mid1980s was proposed as the main cause of the cold-layer thinning between 1989 and 2001 (Pettersson and others, 2003 , 2007 . The increase in winter temperatures weakens the temperature gradient within the cold layer, in turn slowing down the downward migration of the CTS (Fig. 5) . Summer temperature is also important for the cold-layer thinning. In warmer summers (e.g. 2002 and 2006 in Fig. 7) the thinning of the cold layer is likely to be accelerated because of ablation. Although the three data points in Figure 4 are clearly not enough to speculate on the trend of cold-layer thinning, we might argue that the thinning is slightly accelerated in the second period and such an enhanced thinning can be explained by the larger ablation rates experienced by the glacier after 2001. (c1) Cross section through the ablation area with constant cold-layer thickness and variable snow cover. (c2) Summer ablation will remove the snow cover and part of the cold surface layer, and as a result (c3) thicker cold layer will be found in areas with thicker snow cover. (d1, d2) Schematic evolution of cold-layer thickness considering that (d1) the downward migration of the CTS will (d2) thicken the layer. 
The concept of monitoring thermal changes
Perennial cold surface layers are also found in many other glaciated areas such as Svalbard (Bjö rnsson and others, 1996) , the European Alps (Eisen and others, 2009 ), Arctic Alaska (Rabus and Echelmeyer, 2002), sub-Arctic Alaska (Harrison and others, 1975; Gusmeroli unpublished radar observations, 2011) , the Canadian Rockies (Paterson, 1972) and China (Huang, 1990) . Studies of englacial temperatures (Rabus and Echelmeyer, 2002; Vincent and others, 2007) have shown that repeated measurements offer the opportunity to evaluate climate change in glaciated areas. Making direct measurements of glacier temperatures is, however, laborious and time-consuming, and especially challenging to implement in remote areas. Radar measurements, however, are relatively easy to obtain, and data acquisition in remote areas can be conducted efficiently from airborne platforms. We propose, therefore, that repeated measurements of thermal structures in glaciers offer an easily obtainable parameter that can be used as a proxy for evaluating glacier responses to climate change. Such observations could be incorporated with relative ease into existing mass-balance monitoring efforts in the world's glaciated regions.
CONCLUSIONS
In this paper, we have demonstrated that repeated icepenetrating radar surveys over the ablation area of polythermal glaciers can provide an additional parameter to extract a climatological signal in glaciated areas. We have presented the first time series of thermal changes in a polythermal glacier, evaluated from surveys conducted in 1989, 2001 and 2009 . From our analysis we conclude that the cold surface layer of Storglaciären has been experiencing a continuous thinning at a rate that seems largely unchanged since 1989 (Fig. 4) . The cold layer is slowly but consistently thinning at an average rate of 0.80 m a Gusmeroli and others, 2010) . In a warming climate, factor 1 is enhanced and not balanced by factor 2. Conversely, in cold climates low surface ablation rates and higher downward migration of the cold-temperate transition would result in thickening of the layer. We believe that the thinning of the cold layer of Storglaciären is connected to the climatic warming experienced by subArctic Scandinavia since the 1980s and we suggest that monitoring studies of the cold surface layer of polythermal glaciers will offer an additional proxy to evaluate glacier response to changes in climate.
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